Introduction
While it is clear that some cancer cells leave the primary tumor, invade the surrounding extracellular matrix (ECM), and metastasize to foreign tissues, it is not yet understood how these invasive cells survive in a foreign environment, giving rise to secondary tumors. Micrometastases are a particular problem, since they can remain nonproliferative in a dormant state for long periods of time, where they are resistant to traditional chemotherapies and antiangiogenic approaches leading to metastatic relapse. The factors that contribute to dormancy of invasive cells are unclear, but likely involve the inactivation of apoptotic mechanisms that allow these cells to reside in a foreign environment in a nonproliferative state. It is believed that normal cells have a built-in suicide mechanism to eliminate unscheduled migration events in the body, should they arise (Raff, 1992; Steller, 1995; Lauffenburger and Horwitz, 1996) . Indeed, the intrinsic ability of aberrantly migrating cells to access a suicide program is critical for proper development and immune function (Raff, 1992; Steller, 1995; Lauffenburger and Horwitz, 1996; Cho and Klemke, 2000) , and apoptosis is thought to be a primary means used to eliminate anomalous cells from the adult body. Clearly, metastatic carcinoma cells have evaded this important checkpoint, resulting in activation of the invasive machinery as well as suppression of apoptotic mechanisms.
Although the molecular events that control migration and apoptosis in normal and invasive cells are poorly understood, these events are likely to be coordinately regulated through interactions with adhesive proteins and growth factors present in the ECM (Cho and Klemke, 2000) . For example, ligation of various integrins and growth factor receptors promote the binding of the adaptor protein c-Crk II (Crk) to its docking partner p130CAS (Crk-associated substrate (CAS)). Crk/CAS coupling not only induces cell migration, but also activates survival mechanisms that protect cells as they invade the ECM through activation of the small GTPase Rac (Cho and Klemke, 2000) . Evidence from several laboratories demonstrated the physiological importance of Crk and CAS and downstream Rac activation during migration, phagocytosis, and cancer progression (Sakai et al., 1994; Cary et al., 1998; Honda et al., 1998; Klemke et al., 1998; Cho and Klemke, 2000; Tosello-Trampont et al., 2001) . However, the mechanisms responsible for regulating survival and motility through the interaction of Crk and CAS are poorly understood.
The Abelson family of nonreceptor tyrosine kinases (c-Abl and the Abl-related gene product, Arg) are possible regulators of Crk/CAS coupling, since they phosphorylate the negative regulatory tyrosine site 221 of Crk (Feller et al., 1994; Wang et al., 1996) . Phosphorylation of Crk causes a structural change due to the binding of its SH2 domain to phosphotyrosine residue 221. Since CAS also binds the SH2 domain of Crk, tyrosine phosphorylation of Crk 221 disrupts Crk/ CAS complexes, thereby inhibiting actin cytoskeleton remodeling and cell migration (Feller et al., 1994; Kain and Klemke, 2001) . However, there is still little known about the biological role of endogenous c-Abl, or whether interaction of c-Abl with Crk is a component of cancer progression and metastasis. Here, we investigate the regulation of Crk/CAS coupling in invasive carcinoma cells, and the role of Abl family kinases in controlling this process. We find that endogenous c-Abl plays a prominent role in determining whether cells migrate or commit suicide through the regulation of Crk.
Results

Inhibition of Crk tyrosine 221 phosphorylation contributes to an invasive carcinoma phenotype
To determine if regulation of Crk/CAS complexes through Crk 221 phosphorylation is a component of cell metastasis, we compared a highly metastatic cell line (FG-M) to its parental cell line derived from a primary pancreatic carcinoma (FG) (Klemke et al., 1998) . We utilized FG and FG-M cells since it allows for comparative analysis between genetically related cell types, which differ only in invasive characteristics. FG-M cells show decreased Crk phosphorylation and increased CAS/Crk complexes (Figure 1a) , as well as an elevated ability to invade through the ECM protein collagen (Figure 1b ). While we have previously shown that total CAS and Crk protein are the same in both cell types, the level of CAS tyrosine phosphorylation in FG-M cells is elevated. The precise mechanism of CAS phosphorylation in invasive cells is not clear, but likely involves upstream kinases as well as protection from dephosphorylation as a result of increased Crk binding to phosphotyrosine residues in the substrate domain of CAS (Klemke et al., 1998) . In addition, Crk is highly activated in FG-M cells, as a result of decreased 221 phosphorylation, and Crk/CAS interaction may prevent CAS dephosphorylation or promote CAS phosphorylation (Mayer et al., 1995) . Consistent with this idea, FG cells stably overexpressing wild-type Crk (FG-C) show increased CAS/Crk complexes as a result of a sixfold increase in the expression of the unphosphorylated form of the Crk protein in cells (data not shown). Like the FG-M cells, FG-C cells show increased invasion and metastasis in animals compared to mock-transfected control cells (Figure 1b, c) . The highly invasive phenotypes of FG-M and FG-C cells and the deregulation of Crk 221 phosphorylation in both cell types suggest that this is important in the genesis of a metastatic phenotype.
Cell metastasis also involves suppression of apoptotic mechanisms that allow cells to survive in foreign tissues. This suggests that migration and survival mechanisms may be coordinately upregulated during cell invasion. Interestingly, we found that FG-C cells form larger colonies in soft agar compared to mock-transfected control cells (Figure 1d ). The fact that FG-C cells show increased colony formation is surprising, since these cells proliferate at the same rate as control cells (data not shown). Since the growth of tumor cells in soft agar depends on a balance of proliferation and apoptotic rates, the above findings suggest that Crk/CAS association primarily regulates survival mechanisms and not proliferation of carcinoma cells. In support of this idea, we observed that FG-M and FG-C cells form similarsized tumors in animals compared to control cells (data not shown), suggesting that proliferation rates are also similar in vivo (Klemke et al., 1998) . Together, these data indicate that decreased Crk phosphorylation is associated with increased Crk/CAS coupling, migration, and survival of invasive carcinoma cells.
Crk is phosphorylated in untransformed cells undergoing apoptosis
Regulated cell invasion and apoptosis is a normal process associated with proper development and immune function. We next wanted to determine if Crk phosphorylation plays a role in the regulation of cell invasion and survival of untransformed cells. To investigate this possibility, we utilized Cos 7 cells and a 3-D collagen matrix model to recapitulate a prominent ECM barrier encountered by invasive cells. We have previously shown that under serum-free conditions, Cos 7 cells will readily invade the matrix during the first 4-8 h (Cho and Klemke, 2000) . However, after 8 h, cell invasion ceases and apoptotic events become apparent, as detected by the production of apoptotic bodies, nuclear condensation, and Annexin V staining (Cho and Klemke, 2000) (Figure 2a ). The kinetic difference allows these processes to be examined separately at the cellular and biochemical level. Previously, we showed that initiation of the apoptotic program is associated with disruption of Crk/CAS complexes (Cho and Klemke, 2000) . Therefore, we examined if this was due to changes in endogenous Crk phosphorylation. Crk phosphorylation was low during the early cell invasion phase, but became elevated in cells as they entered into the apoptotic phase (Figure 2b ). The phosphorylated form of Crk remained relatively undetectable in cells incubated in the presence of serum, as these cells remain viable and invasive for greater than 24 h (Figure 2b ) (Cho and Klemke, 2000) . These findings demonstrate that phosphorylation of endogenous Crk protein increases during cessation of invasion and initiation of the apoptotic program.
Abl family kinases phosphorylate Crk 221, preventing cell migration and inducing apoptosis Abl family kinases are potential regulators of endogenous Crk which function through their ability to bind and phosphorylate tyrosine 221 (Feller et al., 1994; Wang et al., 1996) . However, the biological consequences of cAbl (Abl) regulation of Crk are poorly understood. To investigate a potential role for Abl in the regulation of endogenous Crk, Cos 7 cells in 3-D collagen were treated with the Abl kinase inhibitor STI 571. Inhibition of endogenous Abl activity led to a decrease in Crk phosphorylation and rescued cells from death, illustrating the potential involvement of c-Abl kinase in this death response (Figure 2c, d) . To further examine Abl's ability to regulate Crk-mediated migration and survival, we utilized murine embryonic fibroblasts (MEFs) isolated from Abl/Arg knockout animals (A/AÀ/À) or littermate-matched control cells (A/A þ / þ ) (Koleske et al., 1998) . These cells allowed us to directly examine the contribution of endogenous Abl and Arg protein in the regulation of this pathway. Since these cells do not attach to collagen matrices, we induced apoptosis by plating the cells onto fibronectin in the absence of serum, as previously described (Almeida et al., 2000) . A/A þ / þ showed significantly increased apoptosis compared to A/AÀ/À cells after serum deprivation (Figure 3a ). Crk phosphorylation was significantly increased in A/A þ / þ cells relative to A/AÀ/À cells, which showed little or no phosphorylation ( Figure 3b ). These findings indicate that Abl family kinases are the primary upstream regulators of Crk phosphorylation in serum deprivation-induced death. This is consistent with our earlier findings that Crk/CAS complexes are increased in A/AÀ/À relative to A/A þ / þ cells (Kain and ). Importantly, Crk 221 phosphorylation, decreased Crk/CAS coupling, and apoptosis were restored by reconstitution of A/AÀ/À cells with wildtype Abl, indicating that Abl was necessary for these events (Figure 4a-d) . Moreover, A/AÀ/À cells reconstituted with Abl containing a mutated polyproline region (Abl D4P), which cannot bind to Crk (Shishido et al., 2001) , failed to inhibit cell migration and induce apoptosis ( Figure 4c ). As expected, cells expressing Abl D4P showed no changes in Crk phosphorylation or Crk/ CAS coupling, even though this protein retains its kinase activity as well as functional SH3, SH2, and actin-binding domains (Figure 4d , e) (Shishido et al., 2001) . In addition, reconstitution of A/AÀ/À cells with a kinase dead-form Abl (dominant negative, DN) did not alter the assembly of Crk/CAS complexes, Crk phosphorylation, or rescue the apoptotic response (Figure 4b-d) . The SH3 domain of Abl is necessary for inhibition of kinase activity, and its deletion results Figure 2 Crk is phosphorylated by c-Abl during cell death. (a) Cos 7 cells were cultured in a 3-D collagen matrix for 24 h with or without serum, and then stained with rhodamine phalloidin to visualize F-actin. Confocal photomicrographs ( Â 630) show a live cell ( þ serum) with a well-organized actin cytoskeleton and an apoptotic cell (Àserum), which is readily identified by the extensive cell fragmentation. (b) Cos 7 cells cultured in 3-D collagen were induced to undergo apoptosis by serum withdrawal for the indicated times, and examined for changes in phosphorylated Crk by densitometry as in Figure 1a . (c) Cos 7 cells cultured in 3-D collagen were induced to undergo apoptosis by serum withdrawal for 24 h in the absence or presence of the Abl inhibitor STI 571(4 mm), and analysed for % apoptosis. Live versus apoptotic cells were quantitated based on morphological criteria, as described in Materials and methods and as shown above (c). Results from a representative of at least three experiments are shown in bar graphs as the mean7standard deviation of triplicate samples. (d) Lysates from these cells were examined by measuring the relative decrease in Crk protein mobility by SDS-PAGE and immunoblotting, and densitometry was used to determine the percent of phosphorylated Crk as described above in constitutive activation of Abl (for a review, see Smith and Mayer, 2002) (Figure 4e ), and is also required for Abl interaction with p73 (Agami et al., 1999; Yuan et al., 1999) . Reconstitution of A/AÀ/À cells with Abl lacking the SH3 domain (Abl SH3) (Woodring et al., 2001) inhibited cell migration, and induced strong apoptosis as a result of increased Crk phosphorylation and decreased Crk/CAS coupling (Figure 4b-d) . The reduced Abl DSH3 expression in these cells (Figure 4c ) likely results from the increased apoptotic rate of cells expressing elevated levels of the mutant protein in culture as well as increased ubiquitin-mediated degradation of active Abl, as previously reported (Echarri and Pendergast, 2001 ). Together, these findings demonstrate that Abl activity is sufficient and necessary to induce apoptosis by phosphorylation of Crk and disruption of Crk/CAS complexes in several cell types including MEFs, monkey kidney epithelial cells, and pancreatic carcinoma cells.
Cytoplasmic, but not nuclear, Abl phosphorylates Crk in apoptotic cells
Abl is primarily a cytosolic protein that upon activation translocates to different subcellular compartments including the actin cytoskeleton, focal adhesions, and the nucleus (Van Etten et al., 1989 Lewis et al., 1996; Taagepera et al., 1998) . DNA-damage-induced death involves the phosphorylation of p73 by Abl in the cell nucleus, raising the possibility that serum deprivationinduced death occurs via a similar mechanism. To address this, we examined the localization of Crk and activated Abl protein in cells undergoing serum deprivation-induced death versus control cells. Cos 7 cells were placed into 3-D collagen for 9 h in the absence of serum to initiate the apoptotic process, and control cells were maintained in the presence of serum. Apoptotic or viable control cells were fractionated into nuclear and cytosolic components, and examined for relative changes in Abl and Crk protein. Crk and Abl were only detected in the cytoplasm, and were not present in the nucleus of cells undergoing death by serum deprivation (Figure 5a, b) . Cytoplasmic Abl activity is significantly elevated in apoptotic cells compared to serum-treated control cells, as demonstrated by an immune kinase assay (Figure 5b ). This, and the fact that nuclear p73 tyrosine phosphorylation was similar in viable and apoptotic cells, indicates that cytoplasmic and not nuclear Abl is responsible for serum deprivation-induced apoptosis (Yuan et al., 1997; Agami et al., 1999; Gong et al., 1999; Yuan et al., 1999) . In support of these findings, treatment of Cos 7 and A/ A þ / þ cells with H 2 O 2 , which selectively activates cytoplasmic and not nuclear Abl activity (Sun et al., 2000) , induced strong Crk phosphorylation and cell death (Figure 6a, b) . In contrast, treatment of A/AÀ/À cells with H 2 O 2 failed to induce these responses (Figure 6c ). Both H 2 O 2 -induced death and Crk phosphorylation were blocked with STI 571, indicating that Abl activity was responsible for the death of A/A þ / þ cells (Figure 6a, b) .
Discussion
Crk phosphorylation serves as a stop signal for migration and start signal for death While significant progress has been made in understanding the role of oncogenic forms of Abl, little is known about the biological function of endogenous Abl. These results and our previous findings (Cho and Klemke, 2000; Kain and Klemke, 2001 ) demonstrate a fundamental role for cytoplasmic Abl in modulating the disassembly of Crk/CAS proteins and coordinating the regulation of motility and survival. We demonstrate that genetic depletion of Abl and Arg from cells results in a significant loss of Crk phosphorylation, leading to increased Crk/CAS complexes, migration, and survival. Reconstitution of these cells with Abl restores phosphorylation of Crk, an event requiring Abl kinase activity and a functional Crk-binding domain. Also, (Escalante et al., 2000; Kain and Klemke, 2001) , and apoptosis. Finally, PDGF (Ting et al., 2001 ) and H 2 O 2 strongly induced Crk phosphorylation only in A/A þ / þ , but not cells deficient in Abl family kinases. Together, these findings indicate that Abl family kinases play a prominent role in the negative regulation of endogenous Crk through phosphorylation of tyrosine 221.
Based on the above findings, we propose that Abl family kinases serve as an intracellular 'rheostat', determining whether cells migrate or commit suicide through modulation of Crk/CAS coupling (Figure 7) . The Abl 'rheostat' operates downstream of integrin and growth factor receptors, and provides a critical checkpoint for Crk/CAS coupling by controlling the ratio of phosphorylated to unphosphorylated Crk in cells. We estimate that about 10-30% of the Crk pool is phosphorylated at tyrosine 221 in cultured adherent cells under steady-state conditions. We propose that a tightly regulated pool of Abl/Arg activity monitors basal Crk/CAS levels in normal cells, in response to integrin turnover and growth factor receptor activity. However, during development or pathological conditions such as cancer cell invasion or wound healing, remodeling of the ECM leads to new interactions of cells with growth factors and adhesive proteins promoting Crk/CAS coupling, inducing cell migration and protecting cells from apoptosis (Cho and Klemke, 2000) . Under these conditions, Abl is concomitantly activated, and serves as a negative feedback to control the level of Changes in Crk phosphorylation were determined by measuring the relative decrease in Crk protein mobility by SDS-PAGE and densitometry. (c) Cells treated as described in (b) were examined for changes in apoptosis using PI and nuclear morphology as described above, and for Abl expression by immunoblotting. The expression of Abl DSH3 is reduced compared to WT Abl, due to the high level of apoptosis present in cells that incorporate AblD SH3. Results shown represent means7standard deviation for a representative of at least three independent experiments performed in triplicate, and illustrate a significant difference in death between mock cells and cells reconstituted with WT Abl and Abl DSH3 by Student's t-test value Po0.05. (d) Lysates from reconstituted cells were immunoprecipitated with anti-Crk antibody and immunoblotted for CAS and Crk protein. Whole lysates were also immunoblotted for CAS protein, to confirm that each of the reconstituted cell lines express equivalent amounts of CAS protein prior to immunoprecipitation. (e) An in vitro kinase assay was performed with Abl immunoprecipitated from reconstituted cells using GST-CTD as a substrate, as described in Materials and methods phosphorylation in response to cytokines and adhesive proteins may also play a pivotal role in releasing Crk from its other binding partners (Escalante et al., 2000) . This would enhance the Crk pool available to interact with CAS. On the other hand, the signal to stop migrating and undergo apoptosis involves persistent Abl Note that the complete separation of the cytoplasmicspecific protein vinculin and nuclear-specific lamins demonstrates purity of the fractions. (b) Abl was immunoprecipitated from purified cytoplasmic and nuclear fractions prepared from cells as described in (a), and an in vitro kinase assay was performed using GST-CTD as a substrate, as described in Materials and methods. Densitometry analysis of the representative kinase assay shown was performed to determine the percent 32 P incorporation into GST-CTD, relative to the amount of Abl protein immunoprecipitated from the cytoplasmic fraction, and is represented as the relative cAbl kinase activity. Note that under these conditions nuclear Abl is not detected. (c) Cos 7 cells cultured in 3-D collagen with or without serum were lysed, and p73 was immunoprecipitated and immunoblotted for p73, and then stripped and reprobed with phosphotyrosine antibodies. Changes in p73 tyrosine phosphorylation were determined by densitometry relative to the total p73 protein present in the immunoprecipitates While we demonstrate that deregulation of the Abl 'rheostat' leads to increased Crk/CAS coupling, Abl activity is normally tightly regulated by a complex balance of positive and negative inputs from intra-and extracellular factors that control cell movement and survival (Dai and Pendergast, 1995; Lewis et al., 1996; Plattner et al., 1999; Fan and Goff, 2000; Woodring et al., 2001; Pluk et al., 2002) . Abl activity is regulated by integrins, growth factors, oxidative and genotoxic stress, as well as through intracellular mechanisms that involve autoregulation, src kinase, and several Ablbinding proteins including actin (Lewis et al., 1996; Lewis and Schwartz 1998; Plattner et al., 1999; Woodring et al., 2001 Woodring et al., , 2002 . Furthermore, Abl protein shuttles to different intracellular compartments, adding another level of complexity to its regulation and substrate diversity (Lewis et al., 1996; Wen et al., 1996; Woodring et al., 2001) . Our findings point to a role for cytoplasmic Abl activity in modulating Crk/ CAS-mediated migration and survival through organization of the actin cytoskeleton, and suggest that sustained cytoplasmic Abl activity is required to inhibit cell motility and induce apoptosis. Although Abl can enter the nucleus and regulate apoptosis through a p73 mechanism in response to genotoxic insults, we did not observe changes in Abl protein levels or nuclear Abl activity, nor did we detect changes in p73 tyrosine phosphorylation in apoptotic cells deprived of serum. Cell fractionation techniques illustrate that Abl and Crk are retained in the cytoplasm and do not enter the nucleus upon serum deprivation-induced death. Moreover, expression of Abl DSH3 strongly induces cell apoptosis, despite its inability to interact with p73 in the nucleus (Agami et al., 1999; Gong et al., 1999; Yuan et al., 1999) . Although we were unable to detect nuclear Crk in our system, in some cases Crk may regulate nuclear death events through interaction with the tyrosine kinase Wee1, as recently reported . Thus, while DNA-damaging agents and serum deprivation utilize Abl to induce apoptosis, they do so through distinct mechanisms involving subcellular compartmentalization and targeting of unique substrates. There is also accumulating evidence supporting a role for cytoplasmic Abl in mediating death. Mutant forms of Abl defective in DNA and Rb binding retain the ability to induce cell apoptosis, and cytoplasmic Abl promotes mitochondrial cytochrome c release and caspase 3 activation in response to oxidative stress (Sun et al., 2000; Ito et al., 2001) . Our finding that H 2 O 2 strongly induces Crk phosphorylation and disassembly of Crk/CAS complexes in an Abl-dependent manner suggests that regulation of Crk/CAS coupling contributes to oxidative stress-induced apoptosis, possibly through downstream cytoskeletal effects including loss of cell attachment. Together, these findings point to a significant role for cytoplasmic Abl in mediating cell apoptosis induced by several different stimuli. Interestingly, we observed that apoptosis induced by the DNAdamaging agent cisplatin also promotes Crk phosphorylation (data not shown). This was a surprising finding since cisplatin is known to induce death by targeting Abl and p73 in the nucleus (Gong et al., 1999) . It is possible that cisplatin also activates a pool of cytoplasmic Abl, leading to Crk phosphorylation and deregulation of Crk/CAS complexes important for the release and blebbing phases of apoptosis through modulation of the cytoskeleton which occurs during the execution phase of apoptosis (Mills et al., 1999) .
Interestingly, Bcr-Abl-transformed cells appear to have bypassed normal interactions with Crk, and instead utilize the related adaptor protein Crk L and associated signals as part of its transformation mechanism (Senechal et al., 1996) . These findings suggest the possibility that the normal checkpoint provided by Crk has been diverted, allowing these cells to escape suicide. However, it is not yet clear if a similar mechanism exists in nonlymphoid cells transformed ex vivo by oncogenic forms of Abl. The preference of BCR-Abl for Crk L as a substrate over Crk suggests that BCR-Abl-transformed cells have bypassed normal Abl regulation of Crk which may contribute to cell transformation (Senechal et al., 1996) . It is also interesting that oncogenic cell transformation and migration induced by BCR-and Tel-Abl require localization to the cytoplasm (Van Etten et al., 1989; Vigneri and Wang, 2001) , whereas nontransforming cytoplasmic c-Abl is associated with cessation of cell movement and induction of cell death. Typically, the initial response of normal cells that produce an aberrant molecule such as oncogene is to commit suicide as a protective mechanism. Nevertheless, while it is rare, some cells bypass the normal checkpoints and fail to activate the suicide program and become transformed by the oncogenic protein. Together, our findings implicate endogenous Abl family kinases as the primary enzymes responsible for Crk phosphorylation and regulation of Crk/CAS coupling in cells. That endogenous Abl serves as a modulator, capable of coordinately regulating cell migration and survival, has important implications for a variety of normal and pathological processes associated with the Crk/CAS signaling pathway, including embryonic development, cancer progression, and immune function.
Materials and methods
Cell culture and transfection
AblÀ/À ArgÀ/À or wild-type MEFs from littermate control animals were kindly provided by Anthony Koleske (Koleske et al., 1998) . FG and FG-M cells are human pancreatic tumor cells and the metastatic phenotype, respectively. FG-M cells were selected for enhanced motility and metastatic capacity from the parental FG cell line, as previously described (Klemke et al., 1998) . FG cells stably overexpressing myctagged avian Crk or control mock-transfected cells were grown in selection media, cloned, and analysed for Crk expression by immunoblot. Cos 7, FG, and MEF cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 100 mm sodium pyruvate, 200 mm lglutamine, and 50 mg/ml gentamycin. Cells were kept at 371C at 5% CO 2 . Cos 7 cells were transiently transfected using a standard lipofectamine protocol, as previously described (Ito et al., 2001) . Mock-transfected cells were transfected as described above, using equivalent amounts of empty vector DNA. Transiently transfected cells were used approximately 40 h post-transfection, to provide optimal transient expression.
Reconstitution of AblÀ/À ArgÀ/À cells
Abl expression in AblÀ/À ArgÀ/À cells was induced through retroviral-mediated gene transfer, using Bosc cell-generated retrovirus as previously described (Pear et al., 1993; Schlaepfer et al., 1997; Woodring et al., 2001 Woodring et al., , 2002 . Stable polyclonal populations of cells were generated by selection with either 200 mg/ml hygromycin (pMSCV vector) or 1 mg/ml puromycin (pCX vector) for approximately 7-12 days. Control, uninfected cells were simultaneously drug treated, to ensure the efficacy of the selection protocol. Previous reports indicate that infection of wild-type Abl into AblÀ/À ArgÀ/À cells results in expression of Abl to endogenous levels (Woodring et al., 2002) . Interestingly, we found that Abl DSH3-infected cells illustrated high levels of death when in culture, and were found to downregulate Abl expression rapidly following infection. Thus, these cells were used within 10 passages following reconstitution.
Chick embryo metastasis assay
Metastasis of cells in the chick embryo was analysed as previously described (Brooks et al., 1997; Klemke et al., 1998) . Briefly, the chorioallantoic membrane of a 9-day-old chick embryo was inoculated with FG or FG-C cells (5-10 Â 10 6 ), and incubated for 7-9 days before tumors were excised. Pulmonary metastasis was determined as the percentage of human cells present in a single-cell suspension of the wholelung tissue by flow cytometry, as previously described (Brooks et al., 1997; Klemke et al., 1998) .
Cell invasion in 3-D collagen
Cell invasion through 3-D collagen was performed and quantitated as previously described (Cho and Klemke, 2000) . Briefly, cells (FG, FG-M or FG-C) were plated in the top of a Transwell migration chamber coated on both sides with 3-D collagen matrix (100 ml on top and 50 ml on bottom). Cells were allowed to invade through the porous membrane, and then noninvasive cells were removed from the top and cells on the bottom were fixed and counted.
Plasmids
For transient transfection of Cos 7 cells, pLNL encoding HAtagged c-Abl (Lewis and Schwartz, 1998) and pUCCAGGS containing full-length Crk II were used (Matsuda et al., 1993 (Matsuda et al., , 1994 . Cells were cotransfected with GFP, fixed with 4% paraformaldehyde, and only fluorescent cells were counted in survival assays, as described below (survival assays) and as previously reported (Cho and Klemke, 2000) . Wild-type and mutant forms of murine type IV c-Abl used for retroviral infection have been previously reported, including mutants with the SH3 domain-deleted (DSH3) and kinase-defective (DN) Abl cloned into the retroviral pMSCV vector (Baskaran et al., 1997; Woodring et al., 2001 Woodring et al., , 2002 . Abl containing four proline to alanine substitutions (sites 548, 592, 634, 781) (Shishido et al., 2001 ) was used in the retroviral pCX vector (Akagi et al., 2000) .
Survival assays
Cos 7 cell survival was assessed by serum deprivation as previously described (Cho and Klemke, 2000) . Briefly, cells were serum starved 24 h before suspension in collagen gels, according to the manufacturer's instructions (Biomaterials or Chemicon), and maintained in fibroblast basal medium (FBM) 0.5% BSA with or without serum. STI 571 (4 mm) dissolved in DMSO or an equal volume of DMSO carrier was added to media bathing the collagen gels in some experiments. Cells were fixed with 4% paraformaldehyde, and apoptotic cells were identified directly in the 3-D collagen gels by the presence of substantial membrane blebbing, cytoplasmic and nuclear condensation, and cell fragmentation, as previously reported (Cho and Klemke, 2000) .
MEF cells do not express collagen receptors (data not shown), and thus survival was determined by serum deprivation using fibronectin as an ECM, as previously described (Almeida et al., 2000) . AblÀ/À ArgÀ/À, Abl þ / þ Arg þ / þ or reconstituted cells were plated on coverslips coated with 10 mg/ml of human fibronectin without serum for 16 h. Cells were then fixed in 50% acetone 50% methanol, and stained with propidium iodide, and condensed nuclear morphology was used to determine apoptotic cells, as previously reported (Gardner and Johnson, 1996; Almeida et al., 2000) .
Immunoprecipitation, immunoblotting, and densitometry
Abl (8E9, BD PharMingen and K12, Santa Cruz), Crk (Transduction Labs), CAS (Transduction Laboratories), paxillin (BD Biosciences), vinculin (Sigma), and phosphotyrosine (4G10, Upstate Biotech) antibodies were purchased from commercial sources. Dr Michiyuki Matusuda (Hashimoto et al., 1998) kindly provided the antibody recognizing Crk phosphorylated at tyrosine 221. Crk phosphorylation was detected both using this antibody, and by reduced mobility of Crk protein after SDS-PAGE separation in 12% polyacrylamide. Densitometry analysis was performed to determine the percent of phosphorylated Crk using NIH Image software.
For analysis of % phosphorylated Crk (% Crk221-PY), immunoblotting was performed using Crk antibody, and the densitometric ratio of shifted to total Crk was determined. Antibodies to both total Crk and 221 phosphorylated Crk were used to confirm the results between the two antibodies. Larry Gerace (The Scripps Research Institute) graciously provided antibody for the recognition of nuclear lamins.
Abl kinase assays
Abl kinase activity was determined in nuclear and cytoplasmic fractions of Cos 7 cells suspended in 3-D collagen by lysing cells in a volume of 2 Â fractionation buffer (10 mm Tris-HCl, pH 7.2/2 mm MgCl 2 /1 mm EGTA/1 mm phenylmethylsulfonyl fluoride/2 mm sodium orthovanadate/aprotinin (10 mg/ml)/leupeptin (10 mg/ml)/pepstatin (10 mg/ml)/phenanthroline (10 mg/ ml), 0.1% Triton X-100) equal to the volume of the collagen gel. Nuclei were pelleted and purified over a sucrose gradient before lysis, as described previously (Lewis et al., 1996) . For both Cos 7 cell fractions and MEF cell analysis, c-Abl kinase was immunoprecipitated from lysates using K12 antibody attached to protein A-sepharose beads. The kinase-bound beads were washed 3 Â in RIPA buffer, 2 Â in RIPA buffer without NaCl, and 2 Â with kinase buffer (20 mm Tris-Cl, pH 7.5, 10 mm MgCl 2 , 1 mm dithiothreitol), before incubation in 20 ml kinase buffer with 1 mg GST-CTD substrate (the last 384 amino acids of murine C-terminal repeat domain of RNA polymerase II (CTD) preceded by a glutathione S transferase (GST) tag) (Baskaran et al., 1993; Feller et al., 1994; Woodring et al., 2001) , 20 mm ATP, and 0.5 ml [g-32 P]ATP (Amersham) for 20 min at room temperature as described (Pluk et al., 2002) . SDS sample buffer was added to stop the reaction and [g-32 P]ATP incorporation into the GST-CTD was determined by exposure of the blot to film at À801C.
